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Novel 3D Geometry-Based Stochastic Models for Non-Isotropic MIMO Vehicle-to-Vehicle Channels as wireless mobile ad hoc peer-to-peer networks [2] , [3] cooperative systems [4] , [5] , and intelligent transportation systems. In V2V communication systems, both the transmitter (Tx) and receiver (Rx) are in motion and equipped with low elevation antennas. This is different from conventional fixed-to-mobile (F2M) cellular radio systems, where only one terminal moves. Moreover, multiple-input multiple-output (MIMO) technologies, where multiple antennas are deployed at both the Tx and Rx [6] , have widely been adopted in advanced F2M cellular systems and have also been receiving more and more attention in V2V systems [7] .
In order to evaluate the performance of a V2V communication system, accurate channel models are indispensable. Existing channel models for F2M communications systems cannot be used directly for the design of V2V systems. V2V channel models available in the literature [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] can be classified as geometry-based deterministic models (GBDMs) [8] and stochastic models, which can further be categorized as non-geometry-based stochastic models (NGSMs) [9] and geometry-based stochastic models (GBSMs) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Furthermore, GBSMs can be classified as regular-shaped GBSMs (RS-GBSMs) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and irregular-shaped GBSMs (ISGBSMs) [21] [22] [23] [24] , depending on whether effective scatterers are located on regular shapes, e.g., one-ring, two-ring, ellipses, or irregular shapes. RS-GBSMs [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have widely been used to mimic V2V channels due to their convenience for theoretical analysis of channel statistics. To preserve the mathematical tractability, RS-GBSMs assume that all the effective scatterers are located on regular shapes. Akki and Haber were the first to propose a two-dimensional (2D) RS-GBSM [11] and investigate corresponding statistical properties for narrowband isotropic scattering single-input single-output (SISO) V2V Rayleigh channels [12] . In [13] , the authors proposed a 2D tworing RS-GBSM with both single-and double-bounced rays for narrowband non-isotropic scattering MIMO V2V Ricean channels. In [14] , the authors proposed an adaptive RS-GBSM consisting of two rings and one ellipse also with both singleand double-bounced rays for narrowband non-isotropic MIMO V2V Ricean channels. As 2D models assume that waves travel only in the horizontal plan, they neglect signal variations in the vertical plane and are valid only when the Tx and Rx are sufficiently separated. In reality, waves do travel in three dimensions. Therefore, a three-dimensional (3D) two-cylinder RS-GBSM was developed for narrowband non-isotropic scattering MIMO V2V channels in [16] . It was further extended to a wideband one in [17] . Other 3D V2V channel models include a 3D two-sphere RS-GBSM for narrowband non-1536-1276/14$31.00 c 2014 IEEE isotropic SISO V2V channels [18] and a 3D two-concentricquasi-sphere RS-GBSM for wideband non-isotropic MIMO V2V channels [19] .
The aforementioned 3D RS-GBSMs [16] [17] [18] [19] all assumed that the azimuth angle and elevation angle are completely independent and thus analyzed them separately. Moreover, although the measurement campaigns in [9] demonstrated that the vehicular traffic density (VTD) significantly affects the V2V channel statistical properties, the impact of the VTD on channel statistics was not considered in the existing 3D RSGBSMs [16] [17] [18] [19] .
To fill the above research gaps, the first part of this paper proposes a novel theoretical 3D RS-GBSM, which is the combination of line-of-sight (LoS) components, a twosphere model, and an elliptic-cylinder model [15] , for nonisotropic MIMO V2V channels. The proposed 3D RS-GBSM is sufficiently generic and adaptive to model various V2V channels in different scenarios. It is the first 3D RS-GBSM that has the ability to study the impact of the VTD on channel statistics, and jointly considers the azimuth and elevation angles by applying the von Mises-Fisher (VMF) distribution as the scatterer distribution. As the 3D theoretical RS-GBSM assumes infinite numbers of effective scatterers, which results in the infinite complexity, it cannot be implemented in practice. However, a theoretical model can be used as a starting point to design a realizable simulation model that considers limited numbers of scatterers and has a reasonable complexity. Hence, the second part of this paper concentrates on developing a corresponding 3D MIMO V2V sum-of-sinusoids (SoS) based simulation model with a novel parameter computation method. Note that the proposed models have already considered the effect of diffuse scattering [23] by using double-bounced rays. Also, the impact of vehicles as obstacles on the LoS obstruction, as studied in measurements [24] and [25] , can be captured in our models by adjusting relevant model parameters, e.g., the Ricean factor.
Overall, the major contributions and novelties of this paper are summarized as follows: 1) Based on the novel 3D theoretical RS-GBSM, comprehensive statistical properties are derived and thoroughly investigated, i.e., amplitude and phase probability density functions (PDFs), space-time (ST) correlation function (CF), Doppler power spectral density (PSD), envelope level crossing rate (LCR), and average fade duration (AFD). Meanwhile, some inaccurate expressions in [15] are corrected.
2) The impacts of the VTD and elevation angle on aforementioned channel statistical properties are investigated by comparing with those of the corresponding 2D model.
3) The corresponding SoS simulation model is proposed
by considering a finite number of scatterers at the Tx and Rx. 4) A novel parameter computation method, namely the method of equal volume (MEV), is proposed to calculate the azimuth and elevation angles of proposed SoS simulation model. It is the first method for 3D MIMO channel models jointly computing the azimuth and elevation angles. Fig. 1 . The proposed 3D MIMO V2V RS-GBSM combining a two-sphere model and an elliptic-cylinder model (only showing the detailed geometry of LoS components and single-bounced rays in the elliptic-cylinder model).
5) The statistical properties of our SoS simulation model are verified by comparing with those of the reference model and simulated results. The results show that the simulation model is an excellent approximation of the reference model according to their statistical properties. The remainder of this paper is structured as follows. Section II introduces a novel 3D theoretical RS-GBSM for nonisotropic narrowband MIMO V2V Ricean channels. In Section III, the corresponding 3D simulation model is developed with parameters calculated by the MEV. Simulation results and analysis are unveiled in Section IV. Finally, we draw conclusions in Section V.
II. A NOVEL 3D MIMO V2V THEORETICAL RS-GBSM

A. Description of the 3D MIMO V2V theoretical RS-GBSM
Let us consider a narrowband MIMO V2V communication system with M T transmit and M R receive omnidirectional antenna elements. The radio propagation environment is characterized by 3D effective scattering with LoS and non-LoS (NLoS) components between the Tx and Rx. Different from physical scatterers, an effective scatterer may include several physical scatterers which are unresolvable in delay and angle domains. Figs. 1 and 2 illustrate the proposed 3D RS-GBSM, which is the combination of LoS components, a singleand double-bounced two-sphere model, and a single-bounced elliptic-cylinder model. To consider the impact of the VTD on channel statistics, we need to distinguish between the moving vehicles around the Tx and Rx and the stationary roadside environments (e.g., buildings, trees, parked cars, etc.). Therefore, we use a two-sphere model to mimic the moving 
, respectively
vehicles and an elliptic-cylinder model to depict the stationary roadside environments. It is worth mentioning that in order to significantly reduce the complexity of the 3D theoretical RS-GBSM, only the double-bounced rays via scatterers on the two-sphere model are considered because other doublebounced rays (via one scatterer on a sphere and the other one on the elliptic-cylinder) show similar channel statistics [14] . For readability purposes, Fig. 1 only shows the geometry of LoS components, and the single-bounced elliptic-cylinder model. The detailed geometry of the single-and doublebounced two-sphere model is given in Fig. 2 
where
Here, c is the speed of light, K designates the Ricean factor, and I = 3 which means there are three subcomponents for single-bounced rays, i.e., SB 1 from the Tx sphere, SB 2 from the Rx sphere, and SB 3 from the ellipticcylinder. Power-related parameters η SBi and η DB specify the amount of powers that the single-and double-bounced rays contribute to the total scattered power 1/(K + 1). Note that these power-related parameters satisfy
The phases ψ ni and ψ n1,n2 are independent and identically distributed (i.i.d.) random variables with uniform distributions over [−π, π), f Tmax and f Rmax are the maximum Doppler frequencies with respect to the Tx and Rx, respectively. Note that we have corrected inaccurate expressions (2a) and (2c) in [15] , corresponding to (2a) and (2c) in this paper, respectively.
Based on the law of cosines in appropriate triangles and small angle approximations (i.e., sin x ≈ x and cos x ≈ 1 for small x), we have
where 
Note that the azimuth/elevation angle of departure (AAoD/EAoD), (i.e., α
, and azimuth/elevation angle of arrival (AAoA/EAoA), (i.e., α
R ), are independent for double-bounced rays, while are correlated for single-bounced rays. According to geometric algorithms, for the single-bounced rays resulting from the two-sphere model, we can derive the relationship between the AoDs and AoAs as α
, and α
. For the singlebounced rays resulting from elliptic-cylinder model, the angular relationship α For the theoretical RS-GBSM, as the number of scatterers tends to infinity, the discrete AAoD α
R , and EAoA β (ni) R can be replaced by continuous random variables α
R , respectively. In [26] , the assumption of 3D scattering has been validated. To jointly consider the impact of the azimuth and elevation angles on channel statistics, we use the VMF PDF to characterize the distribution of effective scatterers, which is defined as [27] 
where α, β ∈ [−π, π), α 0 ∈ [−π, π) and β 0 ∈ [−π, π) account for the mean values of the azimuth angle α and elevation angle β, respectively, and k (k ≥ 0) is a real-valued parameter that controls the concentration of the distribution relative to the mean direction identified by α 0 and β 0 . To demonstrate the VMF distribution, we set the mean angles α 0 = 0
• and β 0 = 31.6
• as an example, and plot the corresponding PDF in both 3D and 2D figures in Figs. 3  (a) and (b) , respectively. Fig. 3 (a) shows the 3D VMF PDF with k = 3.6. For the purpose of comparison, in Fig. 3 (b) , we plot the 2D VMF PDF only for azimuth angle α with β = 0
• and different k = 0.6, 1.3, 3.6. Fig. 3 (b) tells that the larger the value of k, the VMF PDF is more concentrated towards the mean direction. For k → 0 the distribution is isotropic, while for k → ∞ the distribution becomes extremely nonisotropic. For the high VTD scenario with many moving vehicles around the Tx and Rx, k is small and the scatterer distribution approaches isotropic. Note that when the elevation angle β = β 0 = 0
• , the VMF PDF reduces to von Mises PDF, which has widely been applied as a scatterer distribution in 2D propagation environments [28] . In this paper, for the angles of interest, i.e., the AAoD α R for the elliptic-cylinder, the parameters (α 0 , β 0 , and k) of the VMF PDF in (4) can be replaced by (α
R0 , and k (2) ), and
R0 , and k (3) ), respectively.
It is important to emphasize that the proposed model is adaptable to a wide variety of V2V propagation environments by adjusting important parameters, which are the Ricean factor K, energy-related parameters η SBi and η DB , and environment parameters k (i) . In general, for a low VTD, the value of K is large since the LoS component can bear a significant amount of power. In addition, the received scattered power is mainly from waves reflected by the stationary roadside environments described by the scatterers located on the elliptic-cylinder. The moving vehicles represented by the scatterers located on the two spheres are sparse and thus more likely to be single-bounced, rather than double-bounced. This indicates that η SB3 > max{η SB1 , η SB2 } > η DB . For a high VTD, the value of K is smaller than that in the low VTD scenario. Also, due to dense moving vehicles, the double-bounced rays of the two-sphere model bear more energy than single-bounced rays of the two-sphere and elliptic-cylinder models, i.e., η DB > max{η SB1 , η SB2 , η SB3 }. Therefore, the consideration of the VTD can be well characterized by utilizing a combined two-sphere model and elliptic-cylinder model with the LoS component.
B. Statistical properties of the 3D MIMO V2V RS-GBSM
For the proposed 3D MIMO V2V theoretical RS-GBSM, statistical properties will be derived in this section, i.e., amplitude and phase PDFs, ST CF, Doppler PSD, envelope LCR, and AFD.
1) Amplitude and phase PDFs: Based on the proposed 3D theoretical RS-GBSM, the amplitude and phase processes can be expressed as ζ(t) = |h pq (t)| and ϑ(t) = arg {h pq (t)}, respectively. According to the similar procedure in [29] , the amplitude PDF of the 3D V2V reference model can be derived as
where z presents the amplitude variable, K 0 = K K+1 and I 0 (·) is the zeroth-order modified Bessel function of the first kind.
In addition, the phase PDF of the reference model can be derived as
where θ K = arg h LoS pq (t) . Due to the page limit, detailed derivations are omitted here.
2) ST CF: Under the wide-sense stationary (WSS) condition, the normalized ST CF between any two complex fading envelopes h pq (t) and h p q (t) is defined as [15] 
where (·) * denotes the complex conjugate operation and E[·] designates the statistical expectation operator. Substituting (1) into (7) and applying the corresponding VMF distribution, we can obtain the ST CF of the LoS, single-, and double-bounced components as follows:
(a) In the case of the LoS component,
In terms of the single-bounced components SB i (i = 1, 2, 3) resulting from the Tx sphere, Rx sphere, and ellipticcylinder, respectively,
, where the expressions of α (c) In terms of the double-bounced component resulting from the Tx and Rx spheres,
R )
T , and C DB = cos α
The normalized theoretical ST CF can be expressed as the summation of (8) -(10), i.e.,
3) Doppler PSD: Applying the Fourier transform to the ST CF, we can obtain the corresponding Doppler PSD as 
where denotes the convolution and F{·} indicates the Fourier transform.
4) Envelope LCR and AFD: The LCR at a specified level r, L(r)
, is defined as the rate at which the signal envelope crosses level r in the positive/negative going direction. Using the traditional PDF-based method [30] , we derive the expression of the LCR for V2V channels as . Finally, parameters b 0 , b 1 , and b 2 are defined as 
.
Similarly, by substituting (1) into (15) and (16), the parameters b 1 and b 2 become
where m ∈ {1, 2} and
R ).
The AFD, T (r), is defined as the average time over which the signal envelope, |h pq (t)|, remains below a certain level r. In the proposed 3D RS-GBSM, the AFD can be written as [31] 
where Q ( · , · ) is the Marcum Q function.
III. THE 3D SOS SIMULATION MODEL FOR MIMO V2V
CHANNELS Based on the proposed 3D theoretical RS-GBSM described in Section II, the corresponding SoS simulation model can be further developed by using finite numbers of scatterers or sinusoids N 1 , N 2 , and N 3 . According to (1) -(2c), the SoS simulation model for the link T p → T q can be expressed aŝ
whereĥ LoS pq (t) =
It is clear that the unknown simulation model parameters to be determined are only the discrete AoDs and AoAs, while the remaining parameters are identical to those of the theoretical model. Our task is thus to determine the discrete AAoDs (α
R ), and EAoAs (β
R ) for the simulation model. Furthermore, there are actually correlations between AoDs and AoAs for the single-bounce case. Therefore, we only need to determine the discrete sets of α
, and
. In [32] , different parameter computation methods have been introduced. In general, there are three widely adopted methods, i.e., Extended Method of Exact Doppler Spread (EMEDS), Modified Method of Equal Areas (MMEA), and Lp-Norm method (LPNM). The EMEDS is especially recommended for isotropic scattering. However, all the above methods are only valid for 2D horizontal models. To jointly calculate the azimuth and elevation angles, we propose a novel parameter computation method that can be applied to our 3D channel models. The method is named as MEV, which is developed from MMEA [33] .
A. MEV for parameterization of the proposed SoS simulation model
As we mentioned before, the VMF distribution is adopted in order to jointly consider the impact of the azimuth and elevation angles on channel statistics. Furthermore, the cumulative distribution function (CDF) of α and β, i.e., the double integral of the 3D VMF PDF, denotes the volume of Fig. 3 (a) . The idea of MEV is designed to select the set of α (ni) , β
in such a manner that the volume of the VMF PDF f (α, β) in different ranges of
are equal to each other with the initial condition
Ni . The application of the MEV to the 3D V2V channel model requires the joint computation of the discrete model parameters, i.e., α
. In the following, we will derive the MEV that has the ability to meet the two accuracy-efficiency design criteria [33] for 3D scattering MIMO V2V channels with the joint VMF distribution. Using the design of the AAoDs
and EAoDs β
as an example, the MEV includes the following three steps:
Step 1: Define a pair of random variables, i.e.,ά
T 0 + π . They follow the VMF distribution having the same α (1) T 0 , β (1) T 0 , and k 1 .
Step .
Step 3: Obtain the desired set of α and β
can be obtained by following the same procedure.
B. Statistical properties of the proposed SoS simulation model
Based on our 3D MIMO V2V theoretical RS-GBSM and its statistical properties, it is achievable to derive the corresponding statistical properties for the SoS simulation model. As the detailed derivations have been explained in Section II.B, those of the corresponding simulation model with similar derivations are only briefly explained. Applying the discrete model parameters to (5), (6) , (11), (12), (13) , and (21), we have the corresponding statistical properties for the SoS simulation model as follows:
1) Amplitude and Phase PDFs: The amplitude and phase processes of the SoS simulation model can be expressed aŝ ζ(t) = ĥ pq (t) andθ(t) = arg ĥ pq (t) , respectively. Still using the similar procedure in [29] , the amplitude PDF of the SoS simulation model can be derived as 1, 2, 3) , and
In addition, the phase PDF of the SoS simulation model can be derived as
2) ST CF:
As we should represent the spatial components, here we rewrite the ST CF aŝ
× e j2πτ (fT max cos γT −fR max cos γR) .
Please note that the LoS ST CF of the SoS simulation model is identical to that of the 3D theoretical RS-GBSM. (b)
(c) In terms of the double-bounced component resulting from the Tx and Rx spheres,
DB , and C DB have been given in Section II. B.
3) Doppler PSD: The Doppler PSD of the SoS simulation model can be expressed aŝ
4) Envelope LCR and AFD:
Similarly, according to (13) , the envelope LCR of the SoS simulation model,L(r), can be derived aŝ
Similarly, according to (21) , the envelope AFD of the SoS simulation model,T (r), can be expressed aŝ
IV. SIMULATION RESULTS AND ANALYSIS
In this section, we investigate both the 3D and 2D models in detail for each statistical property. Based on measured scenarios in [9] , the following main parameters were chosen for our simulations:
R0 = 171.6
• , and β
• . Considering the constraints of the Ricean factor and power-related parameters in [15] , we have k (1) = 9.6, k (2) = 3.6, k (3) = 11.5, K = 3.786, η SB1 = 0.335, η SB2 = 0.203, η SB3 = 0.411, and η DB = 0.051 for low VTD scenario. For high VTD scenario, we have k (1) = 0.6, k (2) = 1.3, k (3) = 11.5, K = 0.156, η SB1 = 0.126, η SB2 = 0.126, η SB3 = 0.063, and η DB = 0.685. Please note that k (3) = 11.5 for both low VTD and high VTD scenarios are applied. Table II summarizes key parameters adopted by low and high VTD scenarios. The environment-related parameters k (1) , k (2) , and k (3) are related to the distribution of scatterers (normally, the smaller values of k (1) and k (2) the more dense moving vehicles/scatterers, i.e., the higher VTD). In both high and low VTDs, k (3) is large as the scatterers reflected from static roadsides are normally 
• , the proposed 3D model will be reduced to a 2D two-ring and elliptic model. The impact of elevation angle is evaluated in this section by comparing between the 3D and 2D models in terms of their statistical properties.
A. Amplitude and phase PDFs
Figs. 4 and 5 show the amplitude and phase PDFs, respectively, for the 3D reference model, 3D simulation model with N 1 = N 2 = N 3 = 40, and 3D simulation results for both low and high VTD scenarios. Note that the simulation results were obtained from the channel coefficients generated by the proposed channel simulator. It is clear that both amplitude and phase PDFs of the simulation model, i.e., (24) and (25) , respectively, are completely determined by the number of scatterers N i , the gains G SBi and G DB , and LoS amplitude K 0 , whereas other model parameters have no influence at all. In addition, Figs. 4 and 5 demonstrate that the choice of N 1 = N 2 = N 3 = 40 is sufficient to obtain an excellent agreement between the simulation model and reference model in both low and high VTD scenarios.
B. Temporal autocorrelation function
We investigate the temporal autocorrelation function (ACF), which can be derived from the ST CF (26) by setting d T = d R = 0. Therefore, the temporal ACF can be expressed aŝ 
• are also plotted in Fig. 6 . It is clear that no matter what the VTD is, the ACFs of the 2D model always show higher correlation than that of the 3D model. This means that the 2D model overestimates the temporal ACFs. From Fig. 6 , we observe that both the 3D simulation model and 3D simulation result closely match the 3D reference model. Moreover, the VTD 
significantly affects the temporal ACF. In low VTD scenario, the temporal ACF is always higher than that in high VTD scenario.
C. Spatial cross-correlation function
The spatial cross CF (CCF) can be derived from the ST CF by setting τ = 0. Therefore, the spatial CCF can be expressed asρ
In simulations, the basic parameters are the same as before except for δ T = 0.5λ. 
simulation models have the number of effective scatterers N 1 = N 2 = N 3 = 40. Again, from Fig. 7 , it is clear that higher VTD leads to lower spatial correlation properties. This is because the higher the VTD, the more spatial diversity the V2V channel has. Compared with the 3D models in Fig. 7 , 2D simulation model overestimates the spatial correlations. In other words, the 2D model underestimates the spatial diversity gain. The reason is that the 2D model cannot capture the spatial diversity gain in the vertical plane. Moreover, in Figs. 6 and 7 we have shown that 3D simulation results match those of the 3D simulation model very well, indicating the correctness of our derivations. For clarity purposes, we only present 2D and 3D simulation models in the rest of the figures.
D. Doppler PSD
As the Doppler PSD is derived from the Fourier transform of corresponding temporal ACF, Fig. 8 shows the Doppler PSD of the proposed 3D model compared with 2D one at different VTDs. Comparing the Doppler PSDs with different VTDs in Fig. 8, it shows that the higher the VTD, the more evenly distributed the Doppler PSD is. The underlying physical reason is that in the high VTD scenario, the received power comes from all directions reflected by moving vehicles. However, in the low VTD scenario, the received power comes mainly from specific directions identified by main stationary roadside scatterers and LoS components. Fig. 8 also tells that compared with the 3D model, the 2D model underestimates the Doppler PSD in both low VTD and high VTD scenarios.
E. Envelope LCR and AFD
Figs. 9 and 10 depict the envelope LCRs and AFDs for different VTD scenarios (low and high), respectively. Again, the VTD significantly affects the envelope LCR and AFD for V2V channels. Fig. 9 shows that the LCRs are smaller when the VTD is lower. Fig. 10 illustrates that the AFD tends to be larger with lower VTD. However, the elevation angles do not influence the LCR and AFD remarkably. If we used the same elevation parameters (i.e., β (1) T 0 = 6.7
• , β 
R0 = 60
• in Figs. 9 and 10. For the envelope LCR in Fig. 9 , the 2D model shows higher LCR than the 3D model. For the envelope AFD, the 2D model exhibits smaller AFD than the 3D model. Overall, the elevation angle has minor impact on the envelope LCR and AFD.
V. CONCLUSIONS
In this paper, we have proposed a novel 3D theoretical RS-GBSM and corresponding SoS simulation model for nonisotropic scattering MIMO V2V fading channels. The proposed models have the ability to investigate the impact of the VTD and elevation angle on channel statistics. Furthermore, a novel parameter computation method, named as MEV, has been developed for jointly calculating the azimuth and elevation angles. Based on proposed models, comprehensive statistical properties have been derived and thoroughly investigated. The simulation results have validated the utility of the proposed model. The impact of the elevation angle on channel statistical properties has been investigated and analyzed, i.e., the difference between the 3D and 2D models. By comparing these results, we can see that the VTD has a great impact on all channel statistical properties, whereas the elevation angle has significant impact only on ST CF and Doppler PSD. In addition, our simulations and analysis have clearly addressed that the low VTD condition always shows better channel performance than the high VTD case. Compared with the existing less complex 2D RS-GBSMs and 3D RS-GBSMs, the proposed 3D MIMO V2V RS-GBSMs are more practical to mimic a real V2V communication environment. Our research work can be considered as a theoretical guidance for establishing more purposeful V2V measurement campaigns in the future.
